This paper investigated the effects of different proportions of Portland cement addition (0-20%) on the setting time and early-age strength of solid-waste-based sulphoaluminate cement. The mechanism of hydration process was analyzed by X-ray diffraction (XRD) technology. It was found that the incorporation of Portland cement could reduce the early-age strength of the composite cement, and shorten the setting time. When the Portland cement reached 20%, the early-age strength of the composite cement was the lowest and the setting time was the shortest. The XRD analysis demonstrated that the addition of Portland cement could accelerate the hydration process of the composite cement, and the more the Portland cement was added, the faster the hydration process of the composite cement was observed. The main reason is that the addition of Portland cement could increase the alkalinity of the composite cement and promote the hydration of anhydrous calcium sulphoaluminate. This study provides an important reference for the production of solid-waste-based composite cement.
Introduction
The rapid development of China's economy has led to the mass consumptions of materials and energy, and produced a massive amount of industrial solid waste. In 2017, a total of 1.31 billion tons of general industrial solid waste were produced in 202 large and medium-sized cities, with 770 million tons of utilization, 310 million tons of disposal and 90 million tons of dumping disposal [1] . Taking desulfurized ash as an example, although it can be used in construction related industries, such as road base, asphalt mixture filler or other materials [2, 3] , the discharge of desulfurized ash is very large. It is estimated that the annual production of desulfurized residue in China will reach 90 million tons by 2020 [4] . Due to complex compositions of solid waste, the cost of traditional utilization process is high and the added value of products is low. Therefore, it is urgent to find an innovative idea that could utilize solid waste in a large scale and improve the quality of products. In 2008, Wang et al. [5] proposed a method that could convert desulfurization residues to high performance sulphoaluminate cement (CSA), and they comprehensively utilized different solid wastes in their later-on studies [6, 7] .
The solid-waste-based CSA is characterized with high early-age strength, fast hardening speed and corrosion resistance [8] . Moreover, the calcination temperature is ~ 200 °C lower than that in traditional production of Portland cement, which will dramatically reduce production cost and CO 2 emission. Ren et al. [9] prepared sulphoaluminate clinker from industrial solid wastes such as red mud and desulfurization gypsum, and carried out environmental impact assessment, and compared it with standard production methods. It was found that the total environmental burden of producing sulphoaluminate clinker by comprehensive utilization of industrial solid waste can be reduced by 38.62% compared with the conventional production process. This green material has been applied to 3D printing and preparation of lightweight porous concrete [10, 11] . However, due to the low contents of 2CaO·SiO 2 (C 2 S) and 3CaO·SiO 2 (C 3 S) in CSA, the increase of long-term strength of this material is not obvious. Portland cement (OPC), with the main composition of C 2 S and C 3 S, has the characteristics of stable strength development and high hydration heat. It is meaningful to investigate whether the addition of Portland cement could enhance the performance of solid-waste-based CSA.
The predecessors have done some research on composite cement. Yang et al. [12] pointed out that when the content of sulphoaluminate cement was more than 20% in composite cement, its early-age strength was very high, and it had excellent frost resistance and sulfate attack resistance. Li et al. [13] revealed that the compressive strength and flexural strength of the composite cement were the highest when the content of sulphoaluminate cement in the OPC-CAS system was 15%. On this basis, the repairing mortar with excellent performance could be prepared by adding additives. Chen et al. [14] studied the setting time and compressive strength of the composite system with varying compositions of Portland cement and sulphoaluminate cement. The research showed that the shortest setting time was achieved when the ratio of Portland cement to sulphoaluminate cement was 50-50% (M opc /M CSA = 1). The setting time decreased with increasing addition of Portland cement when M opc /M CSA < 1, and increased with increasing addition of Portland cement when M opc /M CSA > 1. A similar trend was also observed for compressive strength. Although the addition of Portland cement could affect the long-term hydration of C 2 S and C 3 S [15] , but less studies are focusing on the early-age properties of solid-waste-based composite cement. It should be noted that sulphoaluminate cement is characterized for its earlyage properties. Therefore, it is necessary to investigate the effects of Portland cement addition on the early-age properties of solid-waste-based CSA.
In the present study, different proportions of commercial Portland cement were added into solid-waste-based CSA. The early-age strength and setting time of the composite cement were firstly tested. Then, the hydration processes of different composite cement were analyzed by X-ray diffraction (XRD) and qualitative analysis. This study is beneficial to understand the properties of the composite cement, and could provide useful data for the utilization of solid-waste-based CSA.
Materials and methods

Materials
The solid-waste-based CSA clinker used in this experiment was prepared by red mud, flue-gas desulfurization (FGD) gypsum, alumina ash and limestone slag with peak calcination temperature 1250 °C. The Portland cement in the experiment is produced by Huitai Chemical Company. The chemical composition and mineral phase composition of the two materials are shown in Tables 1 and 2 .
It is noted that the chemical composition and mineral phases of the two cement are significantly different. The main mineral phases of sulphoaluminate cement are 3CaO·3Al 2 O 3 ·CaSO 4 (C 4 A 3 Ŝ) and C 2 S. In Portland cement, over 84% of the minerals are C 2 S and C 3 S.
The proportion of materials in the composite cement is shown in Table 3 . There are five cases, namely F0, F1, F2, F3 and F4. In all cases, gypsum is kept at 5% of the quality of composite cement and the ratio of OPC/CSA is increasing from 0 to 1/4. 1 3
Experimental methods
Compressive strength and flexural strength of mortars
These composite cements and standard sand were used to form 40 mm × 40 mm × 160 mm mortar specimens, with a water/binder mass ratio of 0.5, according to ISO 679:1989. The specimens were cured in a curing room for 24 h at 20 °C ± 1 °C with RH > 90% and then demolded and further cured under the same conditions. The compressive strength and flexural strength were measured at ages of 1 day and 3 days.
Setting time of mortars
These composite cements and water were mixed together with a water/binder mass ratio of 0.3. The setting time of cement pastes was tested according to ISO 9597:2008.
XRD analysis
Mineral phases of the cement pastes were identified using an X-ray diffractometer (XRD, Panalytical Aeris) with Cu-Ka radiation (λCu = 1.54056 Å, without monochromator). The X-ray diffractometer operated at a voltage of 40 kV and electric current of 30 mA and a scanning speed of 0.14021214°/s over a range of 7.99°-80°. To further investigate the effects of Portland cement addition on the early-age strength of mortar, the early-age strengths of F0 at 1d and 3d serve as benchmarks, which are used to normalize the compressive strength and flexural strength of cases F1, F2, F3 and F4. These results are shown in Figs. 3 and 4. It can be seen from Fig. 3 , the reduction of compressive strength is worse for 3d cases compared with that of 1d cases. When the content of Portland cement increases from 0 to 5%, the 1d compressive strength of mortar decreases by 14% compared with that of F0, and the 3d compressive strength of mortar decreases by 37% compared with that of F0. Especially when the content of Portland cement reaches 20%, the compressive strength of the composite cement mortar halves that of the sulphoaluminate cement mortar. It is obvious that the increase of Portland cement addition has a greater side effect on the 1d compressive strength of mortar.
Results and discussion
Effects of Portland cement addition on the early-age strength of compound system
In Fig. 4, 1d flexural strength ratio and 3d flexural strength ratio are very similar. With the increase of Portland cement, the flexural strength ratio of mortar shows a downward trend. When the content of Portland cement reaches 5%, the 1d flexural strength of F1 is only 0.95 times that of F0, and the 3d flexural strength of F1 is only 0.97 times that of F0. However, when the addition of Portland cement accounts for 10%, the 1d flexural strength ratio decreases to 0.65, and the 3d flexural strength ratio decreases to 0.63. When the Portland cement addition reaches 20%, the 1d flexural strength of F4 is 0.61 times that of F0, and the 3d flexural strength of F4 is 0.53 times that of F0.
It is obvious that the addition of Portland cement has adverse effects on the early-age strength of solid-wastebased CSA. For compressive strength, the side effect is worse in 1d cases and for flexural strength, the side effect is worse in 3d cases.
Effects of Portland cement addition on the setting time of compound system
After the incorporation of Portland cement in different proportions, the changes of initial and final setting time of the compound system were measured. Table 4 Time interval/min proportion of Portland cement addition reaches 15%. There is no obvious change when the proportion is further increased. It is obvious that the incorporation of Portland cement shortens the time interval between the initial setting time and the final setting time, which is not conducive to normal construction. It indicates that, the hydration properties of the composite cement are mutually reinforced by the addition of Portland cement.
Effects of Portland cement addition on early hydration of compound system
XRD patterns of the cement pastes hydrated for different ages are presented in Fig. 6 . When the cement paste reaches the final setting time, obvious Ettringite diffraction peaks are detected. With the increase of Portland cement admixture, the diffraction peaks of Ettringite become more obvious, and the diffraction peaks of gypsum and C 4 A 3 Ŝ decrease gradually. Thus, although the setting time is reduced under the condition of high Portland cement addition, the hydration process is accelerated by the addition of Portland cement. At 2 h and 1d, the variation trend of mineral peaks in composite cement pastes with different Portland content is similar to that of diffraction peaks of mineral components in composite cement pastes at final setting. When the hydration ages are 2 h and 1d, the diffraction peaks of C 4 A 3 Ŝ in cement paste decrease with the increase of Portland cement, and the diffraction peaks of Ettringite in cement paste become more obvious. This also proves that the addition of Portland cement could promote the hydration of C 4 A 3 Ŝ and increase the generation of Ettringite.
Quantitative analysis of hydration products of the composite cement paste at the final setting time is carried out. The results of mineral composition are shown in Table 5 . With the increase of Portland cement, the proportion of Ettringite in minerals in the composite cement increases. In the hydrated cement paste of pure CSA, Ettringite accounts for only 2.05% of the mineral composition. However, when the content of Portland cement reaches 20%, the proportion of Ettringite in mineral composition reaches 6.96%. On the contrary, with the increase of Portland cement, the proportion of C 4 A 3 Ŝ in minerals in the composite cement decreases gradually. Although the final setting time of F4 is much shorter than that of F0, the content of ettringite in F4 is higher. This further indicates that the addition of Portland cement can promote the hydration of composite cement.
In Table 2 , the main mineral phases of composite cement are C 4 A 3 Ŝ and C 2 S. The general process of hydration of composite cement is as follows:
(1) When a small amount of Portland cement is added to CSA, the alkalinity of the composite cement is increased and as a result C 4 A 3 Ŝ hydration process could be speeded up [16] . The rapid formation of hydration products could reduce the ion concentration in the paste. As a result, the dissolution of cement minerals is promoted and the hydration reactions are enhanced. Calcium hydroxide formed by the hydration of C 2 S and C 3 S in Portland cement could also promote the conversion of aluminum rubber into Ettringite. Meanwhile, the consumption of calcium hydroxide promotes the hydration of C 3 S and C 2 S, and the consumption of aluminum rubber promotes the hydration of C 4 A 3 Ŝ [14] . As a result, the amount of Ettringite and aluminum glue in cement paste increases, and the setting time is significantly decreased [17] . Thus, the hydration of C 4 A 3 Ŝ, C 2 S and C 3 S in the initial stage is mutually reinforced when Portland cement is added into CSA [18] . The hydrated calcium hydroxide of C 3 S and C 2 S in the composite system improves the alkalinity and accelerates the formation of ettringite, which is the key reason that CAS and Portland cement could promote each other's hydration [19] . Therefore, the incorporation of Portland cement could shorten the setting time of the cement paste. However, even though the formation of Ettringite is enhanced by the addition of Portland cement, the internal structure becomes loose [20] , which explains why the strength is not enhanced by the addition of Portland cement.
Conclusions
In this study, the effects of Portland cement addition on the early-age properties of solid-waste-based CSA were investigated. It was found that: 
